Abstract
INTRODUCTION
The belowground to aboveground biomass (BGB/AGB) ratio is a variable reflecting a plant's response and adaption strategies to environmental stress and is also an important parameter for the terrestrial carbon cycle (Jackson et al. 2000; Wolf et al. 2011) . Due to limited study of belowground part with great difficulty and high cost, biomass partitioning has not been well constrained in models, which induces large uncertainties in simulating the global carbon cycle and its responses to climate change (Wolf et al. 2011) . It remains contentious whether biomass partitioning to belowground and aboveground is isometric or allometric, although it has been extensively examined at community levels in previous studies (Enquist 2002; McCarthy et al. 2007; McConnaughay et al. 1999; Shipley et al. 2002) . Even less clear is how much of an impact can environmental factors have.
Biomass partitioning is usually quantified as a slope of log-transformed aboveground biomass (logAGB) versus logtransformed belowground biomass (logBGB), which can be statistically identical to either 1 (isometric biomass partitioning) or not (allometric biomass partitioning). Regarding the isometric biomass partitioning, Cheng et al. (2007) reported that the relationships between logAGB and logBGB follow an isometric relationship across forested communities in China. Further, BGB/AGB ratio also did not have any significant linear trend with stand age across various forest ecosystems (Yang et al. 2011) . Meanwhile, the isometric biomass partitioning has been verified in other ecosystems, for instance, alpine grasslands (Yang et al. 2009 ) and all grasslands in China (Yang et al. 2010) . Nevertheless, Wang et al. (2008) found that the BGB/AGB ratio had negative relationships with water availability, stand age, height and volume, and hold, which had significant effects on the climate and ontogeny of biomass allocation. In addition, soil nutrients play important roles in biomass allocation; the lower phosphorus availability results in the higher allocation of belowground biomass and production (Castaneda-Moya et al. 2013) , and light availability also affects plant biomass allocation (Larcher et al. 2012) . These partitioning patterns can be seen as a result of increased allocation by plants of photosynthates to roots in low resource environments. This may also give rise to an increase in water and nutrient absorption for survival. (Lobos-Catalan et al. 2014; Sun et al. 2016) . Though there is extensive knowledge on the partitioning patterns of AGB and BGB there is still need for integrated research at community level that investigates the influence of abiotic factors on biomass partitioning. To our knowledge, forests contribute largely to terrestrial ecosystem carbon uptake and thus are crucial components in regulating global and regional carbon cycles (Pan et al. 2011; Piao et al. 2005; Zhao et al. 2012) . A wide range of forests can be found in China, from conifer to tropical forests along with other forest types (Fang et al. 2012) with the high mountain forests in the Tibetan Plateau exceptionally diverse when compared to other countries in the world. This diverse and varied range of forests with large spatial variations in biomass, climate and soil texture along with different factors for biomass partitioning offer natural experimental sites for research on structure and function of forest ecosystems. Forests in China extensively represent all forest types in the world from conifer forest to tropical forest as well as other types (Fang et al. 2012) , whose diversity in China is even more than that in other countries of the world for high mountain forests in the Tibetan Plateau of China. Thus, China owns natural experimental fields for studying the structure and function of forest ecosystems and the controlling factors for biomass partitioning at the regional scale for the large spatial variations of biomass, climate and soil texture across all types of forests (Luo et al. 2012; Ren et al. 2011; Zhou et al. 2002) .
In this study, we aimed to examine variations in biomass partitioning across different forest ecosystems in China and their impact factors. The specific objectives were: (i) to investigate whether AGB scales isometrically or allometrically with BGB at a community level; (ii) to compare biomass partitioning patterns among different climatic zones; and (iii) to comprehensively examine the impacts of climate factors and soil properties, on biomass partitioning.
MATERIAL AND METHODS

Data compilation
Biomass data for this study also utilized data that was collected from previous studies , with the total number of samples accounting to 1542 in the final database from the range of forests in China (see online supplementary Table S1 ). The following criteria were used to screen and filter the documents: (i) inclusion of both coarse and fine roots in BGB; (ii) all the samples were collected from mature forests; and (iii) the community biomass was calculated using the 'standard tree' method (Hui et al. 2014) . Our database consisted of geographic location (longitude and latitude) and two target variables (AGB and BGB).
Climatic variables [i.e. annual mean temperature, annual mean precipitation, potential water deficit index] and soil properties [i.e. soil nitrogen density (N), pH, soil carbon density (C), soil bulk density (bulk) and soil texture] were collected to analyze the relationships of environmental factors with AGB/BGB and their ratio in each study paper. The soil variables were collected from the data set of Zhu (2006) and Post (2000) .
Study area
The study sites include all the forest types in China, which span a wide range of environmental conditions (Gao et al. 2013) . The study area covered from 80.24° to 130.89°E in longitude and ranged from 41.28° to 44.443°N in latitude ( Fig. 1) . According to the category of physical geography in China (Physical Geography in China Editorial Board of Chinese Academy of Sciences 1985), climatic zones in China include the northern and southern zones. Meanwhile, the B line is 0°C isothermal line in January, and 800 mm precipitation line (Fig. 1 ).
Data analysis
To examine the allocation pattern (isometric or allometric) of AGB and BGB across different field sites and climatic zones at community levels the standardized major axis (SRMA) regression was conducted . The regression relationship of AGB = βBGB α or LogAGB = αLogBGB + Logβ was used to describe the relationship between AGB and BGB, where α is the slope and Logβ is the y-intercept (Li et al. 2006) . The Standardized Major Axis Tests & Routines Version 2.0 software package was used to determine the scaling slope and y-intercept of the function (Warton et al. 2006) . The relationship between AGB and BGB was considered isometric if a 95% confidence interval (CI) of the scaling slope covered 1.0 and vice versa. Relationship among multiple interacting variables can be effectively evaluated using redundancy analysis (RA; Chen et al. 2016; Vandenwollenberg 1977) ; thus, the RA was used to analyze the relationships of environmental factors with BGB/AGB, and environmental factors were partitioned into two explanatory variable groups (climatic factors and soil factors). This process was operated calling program 'vegan' in the R software package (R Development Core Team, 2016).
RESULTS
Variations in BGB/AGB ratio
At the community level the BGB/AGB ratio showed a mean value of 0.24 and variations ranging from 0.02 to 1.96 across all forest types (Fig. 2) . The mean values of BGB/AGB ratio in clay, loam and sand soil types were 0.23, 0.23 and 0.26, respectively, while that in planted, primary and secondary forest BGB were 0.24, 0.25 and 0.27 separately. The maximum (ranging from 0.03 to 1.96) and minimum (ranging from 0.05 to 0.50) of variation were found in sand and clay soil types.
Biomass partitioning patterns in different forest types
BGB and AGB had a relationship being characterized by the logtransformed linear function of LogAGB = 0.71 + 0.96LogBGB (R 2 = 0.84, P < 0.01) in planted forest. The fitting model had a slope of 0.96 at 95% CI between 0.93 and 0.98 (Fig. 3A) , which followed allometric allocation, and slope was significantly different from 1. In primary forest, the relationship between BGB and AGB was characterized by the log-transformed linear function of LogAGB = 0.65 + 0.98LogBGB (R 2 = 0.83, P > 0.05). The slope of the fitting model was 0.98, with a 95% CI of 0.94-1.02 (Fig. 3B ), which followed isometric allocation. BGB showed a linear relationship with AGB in secondary forests after it was log transformed and characterized in function of LogAGB = 0.69 + 0.93LogBGB (R 2 = 0.84, P > 0.05). The slope of the fitting model was 0.83, with a 95% CI of 0.84-1.02 (Fig. 3C) , which followed isometric allocation. The log-transformed linear function of LogAGB = 0.69 + 0.96LogBGB was used to characterize the relationship between BGB and RGB, across different forest types. The fitting model had a slope of 0.96, with a 95% CI of 0.94-0.98 (Fig. 3D ) that indicated a allometric allocation pattern (P < 0.001).
Biomass partitioning patterns in different soil types
In clay types, the relationship between BGB and AGB was characterized by the log-transformed linear function of LogAGB = 0.63 + 1.03LogBGB (R 2 = 0.90, P > 0.05). The slope of the fitting model was 1.03, with a 95% CI of 0.99-1.06 (Fig. 4) . In loam soil types, the slope of the relationship between log AGB and log BGB was 1.02 with 95% CIs of 0.99-1.05. Thus, the biomass partitioning patterns in clay and loam soil types followed isometric allocation. Forests found in sandy soils showed opposite results with the relationship between BGB and AGB characterized by the log-transformed linear function of LogAGB = 0.62 + 1.02LogBGB (R 2 = 0.79, P < 0.001), whose slope in the fitting model was 1.10, with a 95% CI of 1.04-1.17.
Biomass partitioning patterns in different climatic zones
The relationships between BGB and AGB in different climate zones (Fig. 5) . Slopes and the 95% CIs of fitting models were 0.99 (0.96-1.02) in northern China (Fig. 5A ) and 1.05 (1.02-1.07) in southern China, respectively. Equations' slopes had non-significant difference with 1 in northern China ( Fig. 5B ; P > 0.05), while significant difference the slope from 1 in southern China (P< 0.001), respectively. 
Responses of BGB/AGB ratio to environmental factors
The RA was used to further estimate the causal relationship among the interactive variables (Fig. 6) . Result showed that all the environmental variables explained 3.86% of the variation in the BGB/AGB ratio of all forests in China (Fig. 6G) . The effects of these environmental factors on the BGB/AGB ratio were as follows: climate factors (1.30%); soil factors (2.77%) and coupling effect (−0.21%). Meanwhile, the environmental factors have a small effect on the BGB/AGB ratio in other categories ( Fig. 6A-B 
, D-F, and H-I).
Mechanisms of observed differences in the rootshoot relationship
Based on the above analysis, we developed a framework to explain observed differences of the root-shoot relationship (Fig. 7) . Biomass allocation of plants could be influenced by environment stress. The scaling slope should be equal to 1 (isometric allocation) under non-stressful conditions. However, the scaling slope of plant can be flexible, which may vary from the minimum to the maximum and is regulated by environmental factors. The response of biomass allocation sometimes might produce 'redundancy' theoretically once it falls into 'tolerance' area. Plants were able to adjust the ratio of root-shoot within a certain range to adapt to the variation of environments.
DISCUSSION
Divergent biomass partitioning across forests in China
Theoretically, optimal partitioning theory hold a view that plants prefer to partition more biomass to the organ to acquire the most limiting resource (Bloom et al. 1985; Thornley 1972 ). Contrary to this belief, the allometric biomass partitioning theory predicts that to minimize hydrodynamic resistance and transport duration and to maximize photosynthetic harvesting capacity and resource transport, plant may redistribute biomass (Enquist and Niklas 2002; McCarthy and Enquist 2007) . However, in reality, both allometric (Roa-Fuentes et al. 2012) and isometric (Cheng and Niklas 2007; Poorter et al. 2000; Yang and Luo 2011 ) partitioning were documented in experimental studies at the community level. In this study, there is divergent biomass partitioning to aboveground and belowground across forests in China. At the community level, the co-existing species may have trade-off effects with each other to maximize the resource use efficiency (Kneitel et al. 2004) , and the partitioning varies among different climate zones at community levels. We found that the northern climate zone (Fig. 5A ) followed isometric pattern (P > 0.05), but the southern climate zone (Fig. 5B ) was allometric allocation (slope = 1.05). In addition, biomass allocation in sand soils was statistically allometric but was isometric in clay and loam soils (Fig. 4) . In sandy soil, high silt content will decrease macropores and increase bulk density (Archer et al. 2002) , with a consequent limitation in root growth (Dostal et al. 2005 ). Our findings documented that different climate zones and soil types have different biomass partitioning patterns and indicate that climate elements and soil texture have impacts on biomass partitioning in forests. Furthermore, the phenomenon also was proved by RA (Fig. 6) ; 3.86% of the variation in BGB/AGB ratio was explained by environmental factors; and climate factors, soil factors and coupling effect were 1.30%, 2.77% and −0.21%, respectively. Meanwhile, the environmental factors explaining the variation in BGB/ AGB ratio were 4.06%, 8.24%, 37.16%, 9.59%, 5.39%, 11.89%, 8.43% and 6.32% in planted forest, primary forest, secondary forest, clay forest, loam forest, sand forest, forest in northern China and forest in southern China. At large spatial and temporal scales precipitation and temperature act as limiting factors for the growth and distribution of vegetation (Sun et al. 2013b ). Our result is consistent with previous studies that found temperature (Reich et al. 2014 ) and precipitation (Roa-Fuentes et al. 2012 ) was a driver for forest biomass distribution in aboveground and belowground biomass. Soil characteristics may be important factors influencing BGB/AGB besides climate factors (Becknell et al. 2014 ). Plants will allocate more biomass into roots for more uptake of soil nutrient (Gleason et al. 2011) or available water (Sun et al. 2013b) , some local studies have shown changing allocation of BGB/AGB, regulated by soil characteristics [e.g. soil carbon (Sun and Wang 2016) and nitrogen (Makita et al. 2011; Sun et al. 2013a) ]. Meanwhile, soil texture was significantly correlated with vegetation biomass in forest ecosystems, and the same result also was found in alpine grassland (Qin et al. 2015) . In our study, our data also indicated BGB/AGB ratio was affected by soil factors (Fig. 6 ). This suggests that environmental factors have an impact on biomass partitioning in different categories across Chinese forests.
Generally, this study more comprehensively revealed forest biomass partitioning in different forest types, soil types, and climate zones. The findings indicated that our results do not agree with the isometric allocation hypothesis regarding the relationship between AGB and BGB across Chinese forests. The BGB/AGB varied with the change of ambient conditions, and the biomass allocation also was governed by self-regulation (Wang et al. 2008; Zhang et al. 2016) . Plants may have self-regulation capabilities within a certain range of environmental changes or disturbances in terms of biomass partitioning (Read et al. 2006) . Once this self-regulation exceeds certain 'minimum' or 'maximum' limits, biomass would be over-partitioned to some extent (Kays et al. 1974) . Hence, trade-off between biomass partitioning between aboveground and belowground is driven by both external 'environmental filtering' and internal adaptation strategies (Fig. 7) .
Implications for ecosystem modeling
Assuming that a fixed fraction of the carbon assimilation is allocated to each organ makes it convenient to model carbon allocation (Ostle et al. 2009 ). Thus, to estimate future carbon budgets, dynamic global vegetation models have been used with fixed or only water dependent carbon allocation according to pipe theory, which was proposed based on the relationship between leaf water use and stem transport capacity (Ostle et al. 2009; Shinozaki et al. 1964) . This leads to the large uncertainty in predicting the future global forest carbon balance (Purves et al. 2008) . The simplification of biomass partitioning in models is due to a lack of empirical evidence on biomass partitioning and the difficulty in interpreting the available information under a wide range of conditions (Franklin et al. 2012) . Meanwhile, most research about the carbon circle mostly based on model estimates, while the experimental data are penurious at large scale. With variations in climate and soil conditions, the different biomass partitioning patterns with climate zones and environmental factors were found. The results provide both empirical evidence and the environmental drivers for the biomass allocation in forests. The pipe model relationship is mainly governed by the internal relationship between plant organs for water; it is thus less invariant across environment and can't be used to simulate effects of resource availability and climate change on C allocation in trees (Franklin et al. 2012) . The results obtained show the implications on the development of allocation models. First, data to numerically parameterize allocation models are provided by allocation patters in different climate zones. Second, the controlling factors and their relationship with the biomass partitioning provide windows that are to be described mathematically in allocation models. Third, patterns revealed in the study provide a benchmark with which to evaluate and benchmark those quantitative predictions.
Limitations of the current study
Biomass partitioning is both determined and driven by environmental conditions and ontogeny (Schall et al. 2012 , Wang et al. 2008 . In the present study, we analyzed the relationships of environmental factors with BGB/AGB; as a matter of fact, the plants were able to self-regulate the ratio of BGB/ AGB (roots, stem, and leaves) to adapt to an environment. In addition, a conceptual model (Fig. 7) may be a useful pathway to illustrate biomass allocation of plants to aboveground and belowground, and the allocated process is achieved through signal transduction to morphological or physiological response. The theory proposes that the sum of all modular responses of a plant to its local conditions along with the interaction effects due to integration gives the response of a plant to its environment. According to de Kroon et al. 2005 there may be rules that are seen as evolving traits targeted by natural selection-local response rules to environmental variation and the modular interaction rules. Consequently, the mechanism of self-regulation needs to be further explored in the future.
CONCLUSIONS
Synthesizing biomass partitioning patterns across forests in China, this study demonstrated that there were no general rules on biomass partitioning in the different soil types, forest types, and climate zones. Environmental factors (climate factors and soil factors) have effects on biomass partitioning. The results suggest that biomass partitioning is governed by external environmental factors and internal plant self-regulation. Our work provides useful constraints on biomass partitioning parameters, which may reduce the uncertainties in predicting the global carbon cycle.
SUPPLEMENTARY MATERIAL
Supplementary data are available at Journal of Plant Ecology online.
FUNDING
This study was jointly supported by CAS Strategic Priority Research Program (grant no. XDA05050702), the National Natural Science Foundation of China (31420103917, 31290221, 41661144045) , the Thousand Youth Talents Plan Project, and the Open Fund of Key Laboratory of Ecosystem Network Observation and Modelling.
